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ABSTRACT
Aims  Upregulation of the telomerase reverse 
transcriptase (TERT) gene is a frequent finding in 
follicular thyroid carcinomas (FTCs) with metastatic 
features. The augmented expression is usually 
caused by TERT promoter mutations. As TERT protein 
immunohistochemistry might not correlate to TERT 
mRNA levels in follicular thyroid tumours, we therefore 
sought to determine if visualisation of TERT mRNA 
through in situ hybridisation could highlight high-risk 
cases.
Methods  We collected formalin-fixated paraffin-
embedded tissues from 26 follicular thyroid tumours; 7 
FTCs, 2 follicular thyroid tumours of uncertain malignant 
potential (FT-UMPs) and a single Hürthle cell carcinoma 
with established TERT promoter mutations and gene 
expression, as well as 16 FTCs with no TERT gene 
aberrancy or gene expression, and assessed them using 
RNA Scope in situ hybridisation (ISH) and TERT probes 
targeting the two main TERT transcripts (TERT1 and 
TERT2).
Results  TERT 1 and/or 2 mRNA was found by ISH in 
8/10 cases with established promoter mutations and 
mRNA expression, whereas all 16 cases without TERT 
gene aberrancies or gene expression were negative 
(Fisher’s exact p<0.001). Strikingly, TERT mRNA was 
visualised in the nuclear compartment only, thereby 
corroborating earlier studies suggesting a non-
conventional role for TERT in tumour biology. Moreover, 
TERT mRNA expression was scattered across the tissue 
sections and only found in a few percentages of tumour 
nuclei.
Conclusions  TERT mRNA seems to be focally expressed 
and localised exclusively to the nucleus in TERT promoter 
mutated follicular thyroid tumours, possibly reflecting a 
true biological and unorthodox phenomenon worthy of 
further investigations.

INTRODUCTION
In thyroid cancer, prognostication and treatment-
based decisions are largely dictated by the tumour 
node metastasis (TNM) staging system.1 2 This clas-
sification model is based on tumour size and the 
presence of extrathyroidal extension, two param-
eters that are easy to retrieve and usually repro-
ducible between different centres.1 However, there 

are instances in which these parameters are not 
sufficient to predict the outcome of the individual 
patient, and researchers have therefore sought 
additional prognostic markers to aid in this aspect. 
Mutations in the promoter region of the telomerase 
reverse transcriptase (TERT) gene are found in 
approximately 10%–15% of papillary thyroid carci-
nomas (PTCs) and follicular thyroid carcinomas 
(FTCs), and particularly poor-prognosis cases that 
are associated with adverse clinical features.3–10 
Moreover, TERT promoter mutations are recur-
rently observed in more aggressive tumour types, 
such as poorly differentiated thyroid carcinomas 
(PDTCs) and anaplastic thyroid carcinomas (ATCs), 
thereby solidifying the relationship between this 
genetic aberration and worse clinical outcome in 
thyroid cancer.11 12 These mutations might also be 
able to pinpoint metastatic potential in histologi-
cally equivocal ‘follicular thyroid tumours of uncer-
tain malignant potential’ (FT-UMPs).13

To date, there are two established hotspot TERT 
promoter mutations (denoted C228T and C250T) 
which are closely positioned and hence both inter-
rogated by Sanger sequencing using a single primer 
pair.14 15 The mutations are thought to increase 
TERT gene transcription through the intensified 
recruitment of various transcription factors, and as 
TERT encodes the catalytic subunit of telomerase, 
this mechanism is thought to stimulate telomere 
lengthening and thus counteracts senescence-
induced apoptosis.7 16 In thyroid tumours in general, 
TERT gene expression is invariably associated to 
malignant disease and worse clinical outcomes, 
and therefore constitutes a potential diagnostic and 
prognostic marker.17–22 In FTCs and FT-UMPs, 
other genetic mechanisms besides promoter muta-
tions also seem to stimulate TERT mRNA expres-
sion, such as aberrant promoter methylation and 
copy number gain of the TERT gene locus.9 As the 
presence of TERT mRNA could constitute a marker 
of worse prognosis seemingly irrespectively of the 
causative genetic mechanism, we previously inves-
tigated whether or not TERT protein expression 
could constitute a surrogate marker for TERT gene 
activation in follicular thyroid tumours.23 However, 
we found no correlation between TERT mRNA 
levels and TERT immunoreactivity, and to our 
surprise, nuclear expression of TERT was largely 
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absent. Given the known association between TERT gene output 
and worse clinical outcomes, we therefore turned our attention 
to in situ hybridisation (ISH). To our knowledge, this method-
ology has not previously been attempted in terms of visualising 
TERT mRNA in formalin-fixated paraffin-embedded (FFPE) 
follicular thyroid tumour specimen with known TERT promoter 
genotypes. The potential benefits of ISH include the possibility 
to detect TERT mRNA expression in clinical routine processed 
samples, as well as to visualise the specific TERT expressing 
cell type. As several reports indicate that benign thyroid lesions 
with concomitant thyroiditis may exhibit TERT mRNA due to 
constitutive expression in lymphocytes, ISH could in theory be a 
way to eliminate these false positives from a screening perspec-
tive.19 24 25

MATERIAL AND METHODS
Study cohort
The study cohort was retrospectively collected, and consisted of 
26 thyroid tumours previously characterised for TERT mRNA 
expression, TERT promoter mutations, TERT promoter methyla-
tion levels and TERT gene copy number.9 Baseline clinical, histo-
pathological and molecular attributes are summarised in table 1. 
All patients were surgically treated at the Karolinska University 
Hospital, Stockholm, Sweden between 2013 and 2016, and all 
tumours were diagnosed using the most recent WHO criteria.26 
A total of 7 FTCs, 2 FT-UMPs and a single Hürthle cell carci-
noma with established TERT promoter mutations (based on 
Sanger sequencing results) and TERT mRNA expression (deter-
mined by quantitative real-time PCR; qRT-PCR) were included 
(cases 1–10), as were 16 FTCs absent of TERT promoter hotspot 
mutations and TERT mRNA expression (cases 11–26). None of 
the cases exhibited histological evidence of thyroiditis. A single 
de-identified multinodular goitre sample was included as a non-
tumour reference.

In situ hybridisation
The ISH methodology was carried out using the RNAscope 
technology (Advanced Cell Diagnostics, CA, USA).27 We used 

two TERT probes: TERT1; RNAscope Hs-TERT, product no. 
605511, targeting homo sapiens telomerase reverse transcrip-
tase (TERT) mRNA transcript variant 1, and TERT2; RNAscope 
Hs-TERT-O2, product no. 494561, targeting homo sapiens telo-
merase reverse transcriptase (TERT) mRNA transcript variant 
2 (Advanced Cell Diagnostics). As controls, we used a probe 
against the housekeeping gene Peptidylprolyl Isomerase B (PPIB) 
(product no. 313901) as positive control and the bacterial RNA 
sequence Dihydrodipicolinate Reductase (dapB) (product no. 
310043) (Advanced Cell Diagnostics) as negative control. Vali-
dation of the methodology was performed using two serially 
sectioned FTC cases with previously established TERT promoter 
mutations and TERT mRNA expression as well as using mounted 
HeLa cells (ACD, product no. 310045) using both TERT and 
control probes (Advanced Cell Diagnostics). All probes were 
assessed using different methods for upholding the temperature 
during the pretreatment phase (pressure cooker vs water bath), 
and optimal signals were retrieved using the RNAscope Target 
Retrieval Standard for 15 min at 95°C, followed by protease 
treatment for 30 min. Slides were then processed according 
to a standardised protocol provided by the manufacturer. The 
hybridisation was performed using an ACD HybEZ II Hybrid-
ization System (Advanced Cell Diagnostics). Diaminobenzidine 
(DAB) was used as chromogen, and slides were counterstained 
in hematoxylin.

Visualisation and scoring procedure
All slides were evaluated by an endocrine pathologist (unaware 
of the previous TERT gene screening outcomes) at ×400 magni-
fication using a BX46 Olympus light microscope (Olympus, 
Tokyo, Japan). Images were captured using a ToupCam Indus-
trial Digital Camera and the ImageView software. Both the 
cytoplasmic and nuclear compartments were analysed in all 
cases, and cases were noted as positive if distinct signals were 
envisioned in subsets of tumour cells. The entire slide was 
examined in ×400 magnification in order to visualise focal 
signals, and verified using ×1000 magnification. Negative 
cases were annotated as such if there was no clear-cut signal in 
any tumour cells.

Statistical analyses
The statistical analyses (Fisher’s exact test, Mann-Whitney U) 
were performed using IBM SPSS Statistics V.27. P values<0.05 
were considered significant.

RESULTS
Control experiments
Outcomes of the control experiments are detailed in figure 1. 
Using mounted HeLa cells (immortalised cervical cancer cell 
line known to express telomerase), strong and diffuse cyto-
plasmic housekeeping gene expression was evident, whereas 
negative controls (bacterial RNA sequence) were devoid of 
signals.28 Using TERT1 and TERT2 probes, a distinct, dot-like 
nuclear signal was evident in subsets of the HeLa cells. The 
cytoplasm of the HeLa cells was not stained. For subsequent 
analyses of the follicular thyroid tumours, a positive house-
keeping control was included for each case, as well as a nega-
tive control in each experimental run. All follicular thyroid 
tumours and the multinodular goitre case stained positive for 
the housekeeping gene with abundant cytoplasmic expression, 
while consistently negative for the bacterial RNA sequence. 

Table 1  Summarised histopathological and clinical information

TERT promoter mutated and TERT mRNA expressing cases (n=10)

Median age at surgery (range) 71.5 (38–91)

Sex, female:male 6:4

Median tumour size in mm (range) 45 (15–100)

Histological type wiFTC (n=6), FT-UMP (n=2), miFTC (n=1), 
HCC (n=1)

Median Ki-67 index (range) 7.5 (1.3–12)

Distant metastases/local recurrences Lung met (n=2), bone met (n=2), local 
recurrence (n=1)

Average age of tissue blocks 2248 days

TERT promoter wildtype and TERT mRNA negative cases (n=16)

Median age at surgery (range) 50 (11–71)

Sex, female:male ratio 15:1

Median tumour size in mm (range) 42 (20–58)

Histological type wiFTC (n=9), eaiFTC (n=2), miFTC (n=5)

Median Ki-67 index (range) 4.25 (1–12.5)

Distant metastases/local recurrences None reported

Average age of tissue blocks 2234 days

eaiFTC, encapsulated angioinvasive follicular thyroid carcinoma; FT-UMP, follicular 
thyroid tumour of uncertain malignant potential; HCC, Hürthle cell carcinoma; 
miFTC, minimally invasive follicular thyroid carcinoma; wiFTC, widely invasive 
follicular thyroid carcinoma.



660 Hellgren LS, et al. J Clin Pathol 2022;75:658–662. doi:10.1136/jclinpath-2021-207631

Original research

The multinodular goitre sample was absent of signals using 
both TERT probes.

TERT mRNA visualisation in follicular thyroid tumors using 
ISH
The ISH staining outcomes are detailed in table 2 and illustrated 
in figures  2 and 3. The majority of the 10 thyroid tumours 
with established TERT promoter mutations and TERT mRNA 
expression demonstrated nuclear, dot-like TERT ISH signals in 
subsets of tumour cells (TERT1; n=6/10; 60%, TERT2; n=7/10; 
70%) (figure 2). Cytoplasmic signals were not seen in any case. 
Two cases were negative using both TERT probes. In five cases, 
focal positive nuclear signals were retrieved using both TERT 
probes, whereas the remaining three positive samples were only 
identified using one of the probes (TERT1 in one case, TERT2 
in two cases). Both FT-UMPs with TERT promoter mutations 
displayed absent signals using the TERT1 probe, but exhibited 
positive nuclear signals using TERT2. There was no apparent 
correlation between the level of relative TERT mRNA expres-
sion from previous qRT-PCR analyses and ISH outcome (data 
not shown). All 16 FTCs lacking TERT promoter mutations and 
TERT mRNA expression were devoid of ISH signals using both 
TERT probes (figure 3), although four cases displayed various 
amounts of DAB precipitation, making the scrutinising of these 
slides somewhat burdensome (data not shown). The tumour 
stroma (endothelial cells and fibroblasts) was consistently nega-
tive for TERT signals in all cases.

The sensitivity and specificity for TERT ISH to detect cases 
with underlying TERT promoter mutations and TERT mRNA 
expression was 60% and 100%, respectively, for TERT1 and 70% 
and 100%, respectively, for TERT2. Accepting positive signals 
with any of the two probes, the sensitivity rose to 80%. The 
positive predictive value was 100% for either probe, whereas 
the negative predictive values were 80% (TERT1), 84% (TERT2) 
and 89% (any of the two probes). There was a strong correla-
tion between the visualisation of TERT mRNA expression using 
ISH and underlying TERT promoter mutations as well as evident 

TERT mRNA expression as interrogated via qRT-PCR (Fisher’s 
exact p<0.001). Moreover, there was no significant difference 
in the age of the tissue blocks selected for ISH analyses between 
mutation-positive (2248 days) and mutation-negative groups 
(2234 days) (Mann-Whitney U, p=0.75) (table  1). Also, the 
two tumours with established TERT promoter mutations and 
TERT mRNA expression that were negative on ISH using both 
TERT probes were not the two oldest cases among the mutation-
positive tumours (data not shown).

Figure 1  Control and TERT in situ hybridisation (ISH) signals in HeLa 
cells. (A) Peptidylprolyl Isomerase B (PPIB) housekeeping gene ISH 
displaying a strong, predominant cytoplasmic signal. Magnification 
×400. (B) ISH probe directed at bacterial Dihydrodipicolinate Reductase 
(dapB) RNA displaying absent signals, serving as a negative control of 
the methodology. Magnification ×400. (C,D) TERT1 (C) and TERT2 (D) 
ISH at ×1000 magnification visualising subsets of HeLa cell with intense 
nuclear, dot-like signals. Black arrowheads highlight a subset of these 
signals.

Table 2  TERT in situ hybridisation results

Sample 
number Diagnosis

TERT 
promoter*

TERT 
expression 
(qRT-PCR)*

In situ hybridisation

TERT1 TERT2

1 wiFTC Mutated Yes Focal Neg

2 wiFTC Mutated Yes Focal Focal

3 wiFTC Mutated Yes Neg Neg

4 wiFTC Mutated Yes Focal Focal

5 wiFTC Mutated Yes Focal Focal

6 miFTC Mutated Yes Focal Focal

7 wiFTC Mutated Yes Neg Neg

8 FT-UMP Mutated Yes Neg Focal

9 FT-UMP Mutated Yes Neg Focal

10 HCC Mutated Yes Focal Focal

11 miFTC Wildtype None Neg Neg

12 miFTC Wildtype None Neg Neg

13 eaiFTC Wildtype None Neg Neg

14 miFTC Wildtype None Neg Neg

15 wiFTC Wildtype None Neg Neg

16 wiFTC Wildtype None Neg Neg

17 miFTC Wildtype None Neg Neg

18 wiFTC Wildtype None Neg Neg

19 wiFTC Wildtype None Neg Neg

20 miFTC Wildtype None Neg Neg

21 wiFTC Wildtype None Neg Neg

22 wiFTC Wildtype None Neg Neg

23 wiFTC Wildtype None Neg Neg

24 wiFTC Wildtype None Neg Neg

25 wiFTC Wildtype None Neg Neg

26 eaiFTC Wildtype None Neg Neg

*Retrieved from Paulsson et al.9

eaiFTC, encapsulated angioinvasive follicular thyroid carcinoma; FT-UMP, follicular 
thyroid tumour of uncertain malignant potential; HCC, Hürthle cell carcinoma; 
miFTC, minimally invasive follicular thyroid carcinoma; Neg, negative; qRT-PCR, 
quantitative real-time PCR; wiFTC, widely invasive follicular thyroid carcinoma.

Figure 2  Focal, dot-like nuclear signals using both TERT in situ 
hybridisation probes were seen in the majority of TERT promoter 
mutated thyroid tumours with previously established TERT mRNA 
expression, represented here by case 10, a Hürthle cell carcinoma. 
Magnification ×400, with insets magnified ×1000.
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DISCUSSION
TERT gene expression is invariably associated with poorer patient 
outcomes in thyroid cancer, and this dysregulation has in turn 
been coupled to underlying TERT promoter mutations as well 
as alternate genetic mechanisms leading to increased TERT gene 
output.3–5 7 9 As TERT mRNA expression correlates poorly to 
TERT protein expression in follicular thyroid tumours, there are 
potential clinical benefits to develop a method that will correctly 
pinpoint TERT mRNA expression in clinical samples.23 Although 
qRT-PCR could be considered in this aspect, recent improve-
ments of the ISH technique have made this method attractive 
for clinical purposes.27 First, not all institutions have the ability 
to collect and analyse fresh-frozen tissues, and second, TERT 
mRNA expression is recurrently reported in lymphocytes.19 25 29 
Visualisation of TERT by ISH is performed on clinical routine 
FFPE material, and also enables the pathologist to detect spatial 
and tissue-specific distribution patterns that qRT-PCR cannot.

In our series, TERT signals were exclusively found in the 
nuclear compartment. This was true for the thyroid tumours as 
well as for the HeLa cells used as controls, suggesting a true 
biological role for nuclear TERT mRNA. Previous observations 
support our findings, in which TERT mRNA seems to aggregate 
in the nucleus when analysing various cancer cell lines as well 
as malignant melanomas.30 31 As we could not detect a nuclear 
signal in the negative controls, we do not suspect the findings of 
nuclear-specific TERT to be a false-positive observation. More-
over, as all cases exhibited a strong cytoplasmic housekeeping 
gene signal, this implies that RNA levels were intact even after 
24–48 hours of formalin fixation. Therefore, the absence of 
cytoplasmic TERT signals is most likely not a consequence of 
poor RNA quality, but rather implies a biological phenomenon 
worthy of attention. Indeed, TERT mRNA molecules could 
potentially exhibit non-conventional roles besides acting as a 
ribosomal template for translation.

Interestingly, TERT ISH exhibited perfect specificity, as all 
TERT mRNA devoid FTCs were negative on ISH using both 
probes. Therefore, the method could potentially be of value 
for clinical screening purposes. In theory, the detection of 
TERT signals in a histologically confirmed FTC could there-
fore imply an underlying TERT gene aberrancy, which in turn 
is strongly associated with worse patient outcome.9 Moreover, 
studies using preoperative fine-needle aspiration biopsy material 
could also be valuable, as the expression of TERT could imply 
a clinically more burdensome tumour in need of more exten-
sive interventions. However, TERT-positive cases only exhibited 
nuclear signals in small subsets of tumour cells, thereby forcing 

the pathologist to scrutinise the whole slide using high power 
(×400 or ×1000) magnification. This could be time-consuming 
from a clinical perspective, conferring a risk of failing to detect 
the area of positivity and misclassifying the tumour as negative. 
Indeed, our experience herein suggests that TERT-positive cells 
aggregate in small clusters and might be hard to detect if not the 
entire slide is investigated carefully. In a way, our findings thus 
bear similarities to current PD-L1 immunohistochemical scoring 
algorithms, in which very low cut-offs for positivity have been 
recommended, and several heterogeneous expression patterns 
have been reported.32 As of this, modern pathologists are thus 
getting acquainted to scoring principles based on regional and 
variable intensity across a tissue slide, and not only diffuse and 
unequivocal expression patterns. Indeed, the previous findings 
of TERT promoter mutational spatial heterogeneity in follicular 
thyroid tumours adds to the complexity of TERT visualisation 
for clinical purposes, and future studies will possibly need to 
address the potential benefit of multi-section analyses in high-
lighting focal TERT dysregulation.33 34

Take home messages

	⇒ TERT promoter mutations and TERT mRNA expression are 
prognostic markers of relevance in follicular thyroid tumours.

	⇒ TERT in situ hybridisation correctly pinpoints TERT aberrancies 
in the majority of cases by visualising exclusive nuclear 
signals.

	⇒ The methodology could be of potential value for clinical 
screening purposes and might imply unconventional roles for 
nuclear TERT mRNA in thyroid cancer development.

Handling editor  Runjan Chetty.

Acknowledgements  We acknowledge Dr Mensur Dzabic and Ms Semra Öz 
Baloglu at the Department of Pathology and Cytology, Karolinska University Hospital, 
for their continuous support of the study.

Contributors  Conceived and designed the experiments: LSH, AO, AK, AH, CCJ. 
Performed the experiments: AO, AK. Analysed the data: LSH, AO, AK, JOP, MH, AS, JZ, 
CL, AH, CCJ. Wrote the paper: LSH, CCJ.

Funding  This study was financially supported by grants generously provided by 
the Swedish Cancer Society, the Swedish Society for Medical Research and the 
Stockholm City Council.

Competing interests  None declared.

Patient consent for publication  Not required.

Ethics approval  Granted by the Swedish Ethical Review Authority (approval 
number 2015-959-31).

Provenance and peer review  Not commissioned; externally peer reviewed.

Data availability statement  All data relevant to the study are included in the 
article. The authors confirm that the data supporting the findings of this study are 
available within the article.

Open access  This is an open access article distributed in accordance with the 
Creative Commons Attribution 4.0 Unported (CC BY 4.0) license, which permits 
others to copy, redistribute, remix, transform and build upon this work for any 
purpose, provided the original work is properly cited, a link to the licence is given, 
and indication of whether changes were made. See: https://creativecommons.org/​
licenses/by/4.0/.

ORCID iD
C Christofer Juhlin http://orcid.org/0000-0002-5945-9081

REFERENCES
	 1	 American Joint Committee on Cancer, American Cancer Society editorsAmin MB. AJCC 

cancer staging manual. 8th edition. Chicago IL: American Joint Committee on Cancer, 
Springer, 2017.

Figure 3  All follicular thyroid carcinomas (FTCs) without TERT 
promoter mutations and devoid of TERT mRNA as previously 
interrogated by quantitative real-time PCR were negative for in situ 
hybridisation signals using both TERT1 and TERT2 probes. Shown here 
is case 26, an encapsulated angioinvasive FTC, with a negative TERT1 
signal (left) while showing a clear cytoplasmic signal using the positive 
control (right). Magnification ×400.

https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
http://orcid.org/0000-0002-5945-9081


662 Hellgren LS, et al. J Clin Pathol 2022;75:658–662. doi:10.1136/jclinpath-2021-207631

Original research

	 2	 Haugen BR, Alexander EK, Bible KC, et al. 2015 American Thyroid Association 
Management Guidelines for Adult Patients with Thyroid Nodules and Differentiated 
Thyroid Cancer: The American Thyroid Association Guidelines Task Force on Thyroid 
Nodules and Differentiated Thyroid Cancer. Thyroid 2016;26:1–133.

	 3	 Bournaud C, Descotes F, Decaussin-Petrucci M, et al. TERT promoter mutations 
identify a high-risk group in metastasis-free advanced thyroid carcinoma. Eur J Cancer 
2019;108:41–9.

	 4	 Landa I, Ganly I, Chan TA, et al. Frequent somatic TERT promoter mutations in thyroid 
cancer: higher prevalence in advanced forms of the disease. J Clin Endocrinol Metab 
2013;98:E1562–6.

	 5	 Liu T, Wang N, Cao J, et al. The age- and shorter telomere-dependent TERT promoter 
mutation in follicular thyroid cell-derived carcinomas. Oncogene 2014;33:4978–84.

	 6	 Liu X, Qu S, Liu R, et al. TERT promoter mutations and their association with BRAF 
V600E mutation and aggressive clinicopathological characteristics of thyroid cancer. J 
Clin Endocrinol Metab 2014;99:E1130–6.

	 7	 Wang N, Liu T, Sofiadis A, et al. TERT promoter mutation as an early genetic event 
activating telomerase in follicular thyroid adenoma (FTA) and atypical FTA. Cancer 
2014;120:2965–79.

	 8	 Melo M, da Rocha AG, Vinagre J, et al. TERT promoter mutations are a major indicator 
of poor outcome in differentiated thyroid carcinomas. J Clin Endocrinol Metab 
2014;99:E754–65.

	 9	 Paulsson JO, Mu N, Shabo I, et al. TERT aberrancies: a screening tool for malignancy in 
follicular thyroid tumours. Endocr Relat Cancer 2018;25:723–33.

	10	 Hysek M, Paulsson JO, Wang N, et al. TERT promoter mutational screening as a tool to 
predict malignant behaviour in follicular thyroid tumours—three examples from the 
clinical routine. Virchows Arch 2018;473:639–43.

	11	 Landa I, Ibrahimpasic T, Boucai L, et al. Genomic and transcriptomic hallmarks of 
poorly differentiated and anaplastic thyroid cancers. J Clin Invest 2016;126:1052–66.

	12	 Molinaro E, Romei C, Biagini A, et al. Anaplastic thyroid carcinoma: from 
clinicopathology to genetics and advanced therapies. Nat Rev Endocrinol 
2017;13:644–60.

	13	 Hysek M, Paulsson JO, Jatta K, et al. Clinical routine TERT promoter mutational 
screening of follicular thyroid tumors of uncertain malignant potential (FT-
UMPs): a useful predictor of metastatic disease. Cancers 2019;11. doi:10.3390/
cancers11101443. [Epub ahead of print: 26 09 2019].

	14	 Horn S, Figl A, Rachakonda PS, et al. TERT promoter mutations in familial and sporadic 
melanoma. Science 2013;339:959–61.

	15	 Huang FW, Hodis E, Xu MJ, et al. Highly recurrent TERT promoter mutations in human 
melanoma. Science 2013;339:957–9.

	16	 Muzza M, Colombo C, Rossi S, et al. Telomerase in differentiated thyroid 
cancer: promoter mutations, expression and localization. Mol Cell Endocrinol 
2015;399:288–95.

	17	 Foukakis T, Gusnanto A, Au AYM, et al. A PCR-based expression signature of 
malignancy in follicular thyroid tumors. Endocr Relat Cancer 2007;14:381–91.

	18	 Chou SJ, Chen CM, Harn HJ, et al. In situ detection of hTERT mRNA relates to Ki-67 
labeling index in papillary thyroid carcinoma. J Surg Res 2001;99:75–83.

	19	 Saji M, Xydas S, Westra WH, et al. Human telomerase reverse transcriptase (hTERT) 
gene expression in thyroid neoplasms. Clin Cancer Res 1999;5:1483–9.

	20	 Ito Y, Yoshida H, Tomoda C, et al. Telomerase activity in thyroid neoplasms evaluated 
by the expression of human telomerase reverse transcriptase (hTERT). Anticancer Res 
2005;25:509–14.

	21	 Zeiger MA, Smallridge RC, Clark DP, et al. Human telomerase reverse transcriptase 
(hTERT) gene expression in FNA samples from thyroid neoplasms. Surgery 
1999;126:1195–9.

	22	 Juhlin CC. A Clinical Overview of Telomerase-Associated aberrancies in Follicular 
Thyroid Tumors as Diagnostic and Prognostic Markers: Tert Alert! Scand J Surg 
2020;109:187–92.

	23	 Paulsson JO, Olander A, Haglund F, et al. TERT immunohistochemistry is a poor 
predictor of TERT promoter mutations and gene expression in follicular thyroid 
carcinoma. Endocr Pathol 2018;29:380–3.

	24	 Liu K, Schoonmaker MM, Levine BL, et al. Constitutive and regulated expression of 
telomerase reverse transcriptase (hTERT) in human lymphocytes. Proc Natl Acad Sci U 
S A 1999;96:5147–52.

	25	 Pestana A, Batista R, Celestino R, et al. Comprehensive assessment of TERT mRNA 
expression across a large cohort of benign and malignant thyroid tumours. Cancers 
2020;12. doi:10.3390/cancers12071846. [Epub ahead of print: 09 07 2020].

	26	 Lloyd RV, Osamura RY. WHO classification of tumours of endocrine organs. 4th 
edition. Lyon: International Agency for Research on Cancer, 2017.

	27	 Wang F, Flanagan J, Su N, et al. RNAscope: a novel in situ RNA analysis platform for 
formalin-fixed, paraffin-embedded tissues. J Mol Diagn 2012;14:22–9.

	28	 Morin GB. The human telomere terminal transferase enzyme is a ribonucleoprotein 
that synthesizes TTAGGG repeats. Cell 1989;59:521–9.

	29	 Patrick M, Weng N-P. Expression and regulation of telomerase in human T cell 
differentiation, activation, aging and diseases. Cell Immunol 2019;345:103989.

	30	 Rowland TJ, Dumbović G, Hass EP, et al. Single-cell imaging reveals unexpected 
heterogeneity of telomerase reverse transcriptase expression across human cancer cell 
lines. Proc Natl Acad Sci U S A 2019;116:18488–97.

	31	 Baltzarsen PB, Georgsen JB, Nielsen PS, et al. Detection of mRNA of telomerase 
protein in benign naevi and melanomas using RNAscope. Appl Immunohistochem Mol 
Morphol 2020;28:36–41.

	32	 Naso JR, Banyi N, Al-Hashami Z, et al. Discordance in PD-L1 scores on repeat testing 
of non-small cell lung carcinomas. Cancer Treat Res Commun 2021;27:100353.

	33	 Stenman A, Hysek M, Jatta K, et al. TERT promoter mutation spatial heterogeneity 
in a metastatic follicular thyroid carcinoma: implications for clinical work-up. Endocr 
Pathol 2019;30:246–8.

	34	 Hysek M, Jatta K, Hellgren LS, et al. Spatial distribution patterns of clinically relevant 
TERT promoter mutations in follicular thyroid tumors of uncertain malignant potential: 
advantages of the digital droplet PCR technique. J Mol Diagn 2021;23:212–22.

http://dx.doi.org/10.1089/thy.2015.0020
http://dx.doi.org/10.1016/j.ejca.2018.12.003
http://dx.doi.org/10.1210/jc.2013-2383
http://dx.doi.org/10.1038/onc.2013.446
http://dx.doi.org/10.1210/jc.2013-4048
http://dx.doi.org/10.1210/jc.2013-4048
http://dx.doi.org/10.1002/cncr.28800
http://dx.doi.org/10.1210/jc.2013-3734
http://dx.doi.org/10.1530/ERC-18-0050
http://dx.doi.org/10.1007/s00428-018-2386-1
http://dx.doi.org/10.1172/JCI85271
http://dx.doi.org/10.1038/nrendo.2017.76
http://dx.doi.org/10.3390/cancers11101443
http://dx.doi.org/10.1126/science.1230062
http://dx.doi.org/10.1126/science.1229259
http://dx.doi.org/10.1016/j.mce.2014.10.019
http://dx.doi.org/10.1677/ERC-06-0023
http://dx.doi.org/10.1006/jsre.2001.6124
http://www.ncbi.nlm.nih.gov/pubmed/10389936
http://www.ncbi.nlm.nih.gov/pubmed/15816620
http://dx.doi.org/10.1067/msy.2099.101374
http://dx.doi.org/10.1177/1457496919850434
http://dx.doi.org/10.1007/s12022-018-9551-6
http://dx.doi.org/10.1073/pnas.96.9.5147
http://dx.doi.org/10.1073/pnas.96.9.5147
http://dx.doi.org/10.3390/cancers12071846
http://dx.doi.org/10.1016/j.jmoldx.2011.08.002
http://dx.doi.org/10.1016/0092-8674(89)90035-4
http://dx.doi.org/10.1016/j.cellimm.2019.103989
http://dx.doi.org/10.1073/pnas.1908275116
http://dx.doi.org/10.1097/PAI.0000000000000690
http://dx.doi.org/10.1097/PAI.0000000000000690
http://dx.doi.org/10.1016/j.ctarc.2021.100353
http://dx.doi.org/10.1007/s12022-019-09580-7
http://dx.doi.org/10.1007/s12022-019-09580-7
http://dx.doi.org/10.1016/j.jmoldx.2020.10.016

	Nuclear-­specific accumulation of ﻿telomerase reverse transcriptase﻿ (﻿TERT﻿) mRNA in ﻿TERT﻿ promoter mutated follicular thyroid tumours visualised by in situ hybridisation: a possible clinical screening tool?
	Abstract
	Introduction
	Material and methods
	Study cohort
	In situ hybridisation
	Visualisation and scoring procedure
	Statistical analyses

	Results
	Control experiments
	TERT mRNA visualisation in follicular thyroid tumors using ISH

	Discussion
	References


